Toll-like receptor (TLR) agonists activate both the innate and the adaptive immune systems. These TLR agonists have been exploited as potent vaccine adjuvants and antitumor agents. We describe the identification and characterization of a small molecule, N-methyl-4-nitro-2-(4-(4-(trifluoromethyl)phenyl)-1H-imidazol-1-yl)aniline (CU-T12-9), that directly targets TLR1/2 to initiate downstream signaling. CU-T12-9 specifically induces TLR1/2 activation, which can be blocked by either the anti-hTLR1 or the anti-hTLR2 antibody, but not the anti-hTLR6 antibody. Using a variety of different biophysical assays, we have demonstrated the binding mode of CU-T12-9. By binding to both TLR1 and TLR2, CU-T12-9 facilitates the TLR1/2 heterodimeric complex formation, which in turn activates the downstream signaling. Fluorescence anisotropy assays revealed competitive binding to the TLR1/2 complex between CU-T12-9 and Pam 3 CSK 4 with a half-maximal inhibitory concentration (IC 50 ) of 54.4 nM. Finally, we showed that CU-T12-9 signals through nuclear factor kB (NF-kB) and invokes an elevation of the downstream effectors tumor necrosis factor-a (TNF-a), interleukin-10 (IL-10), and inducible nitric oxide synthase (iNOS). Thus, our studies not only provide compelling new insights into the regulation of TLR1/2 signaling transduction but also may facilitate future therapeutic developments.
INTRODUCTION
The vertebrate host defense system is classified into two groups: innate or adaptive immunity (1). The innate system provides an immediate broad response to infection by recognizing conserved structures called pathogen-associated molecular patterns (PAMPs) (2, 3) . In contrast, the adaptive system provides a slow specific response to infection dependent on B cell differentiation and T cell activation by a particular antigen (4) .
Toll-like receptors (TLRs), which are a family of pattern recognition receptors, regulate innate immunity and subsequent adaptive immune responses. TLRs control activation of adaptive immune responses by up-regulating costimulatory molecules on antigen-presenting cells (APCs) ( Fig. 1A ) and producing cytokines, including interferon-a (IFN-a), IFN-g, and interleukin-12 (IL-12), that guide T cell differentiation (1, 5) . The ability of TLRs to activate both immune systems has made them desirable targets for vaccine adjuvants (1) . Specific TLR agonists with both high potency and low toxicity offer the opportunity to meet the stringent safety criteria required for prophylactic vaccines. Currently, a number of modifications to natural TLR agonists have been used for vaccine adjuvants. For example, the modified TLR4 agonist, monophosphoryl lipid A (MPL), is used as an adjuvant in U.S. Food and Drug Administration-approved adult hepatitis B virus (HBV) vaccines (6) . Cervarix, a vaccine marketed by GlaxoSmithKline, also uses MPL as an adjuvant (7) . Other TLR agonists are also being investigated for vaccine adjuvant applications, including the TLR9 agonist CpG-ODN in HBV vaccines (1) . Literature reports have suggested that the TLR2 agonists are among the most effective adjuvants (8) , as evidenced by their uses in the HIV (9) , HBV, and human papillomavirus (HPV) (10) vaccines. TLR1/2 agonists have also been suggested to decrease infection-related morbidity and mortality and improve vaccine response in elders (11) . Specific TLR agonists can be used not only for vaccine adjuvants but also for combined cancer therapies (12, 13) . The TLR7 agonist imiquimod is one well-known example and has been approved for treating basal cell skin tumors (14, 15) . Agonists of TLR2 have been used to induce lung tumor regression (13) , inhibit breast cancer growth (16) , and treat bladder cancer (17) and pancreatic carcinoma (18) . Furthermore, the TLR1/2 agonists have also been suggested to be effective in both chronic and acute inflammatory/infectious diseases such as influenza (19) , asthma (20) , and age-induced obesity (21) .
These potential applications motivated us to discover and develop novel, drug-like TLR2-selective agonists. Still, not one of the current TLR2 agonists in clinical or preclinical development is a small-molecule agent. This task is particularly challenging because (i) TLR2 recognizes a wide range of ligands, many of which are from Gram-positive bacteria, and it signals as a heterodimer with either TLR1 or TLR6 (22, 23) , raising questions about the specificity of small-molecule agents; (ii) the activation through TLR1/2 or TLR2/6 cannot be selectively achieved in most known TLR2 agonists; and (iii) the development of protein-protein interaction (PPI) stabilizers is considered one of the most challenging tasks in drug discovery because of the expansive protein-protein interfaces (24) . Our group has focused on small molecules that target the TLR2 heterodimer PPI (25, 26) , specifically modulating the TLR1/2 response (27) . Here, we have shown that CU-T12-9 binds to the interface of TLR1 and TLR2, facilitating heterodimer association. The discovery of these small-molecule agents not only helps us to better understand the regulatory mechanism of the TLR1/2 signaling pathway but also renders an immense potential for vaccine or cancer therapy developments.
core. GA demonstrates TLR-dependent activities in vitro; nonetheless, the direct target of this interesting molecule was unknown. Our goal was to first identify the direct target for GA and then optimize it to achieve high efficacy and selectivity. We first developed a modular chemical synthesis route for GA (scheme S1). A secreted embryonic alkaline phosphatase (SEAP) assay demonstrated that GA could II (MHC II) , and T cell receptor (TCR). Induction of CD80/86 on APCs by TLRs leads to the activation of T cells specific to pathogens. TLRs also induce expression of cytokines, such as IL-12, IL-6, and TNF-a, as well as chemokines and their receptors, triggering many other events associated with dendritic cell maturation. The above cytokines will contribute to the differentiation of activated T cells into T helper effector cells, building long-term protective immunity (51) . (B) Chemical structure of CU-T12-9. (C) CU-T12-9 activates SEAP signaling in a dose-dependent manner. HEK-Blue hTLR2 cells were incubated with CU-T12-9 or GA for 24 hours, and activation was evaluated by SEAP secretion in the culture supernatants by the luminescence assay. (D) Human TLR2, TLR3, TLR4, TLR5, TLR7, and TLR8 HEK-Blue cells were incubated with CU-T12-9 (0 to 20 mM) or TLR-specific agonist for 24 hours, and activation was evaluated by the luminescence assay. (E to I) As positive control, agonists that selectively activate a specific TLR were used: TLR1/TLR2, Pam 3 CSK 4 (0 to 66 nM or 0 to 100 ng/ml); (E) TLR3, polyinosinic-polycytidylic acid [poly(I:C)] (0 to 10.9 mg/ml); (F) TLR4, lipopolysaccharide (LPS) (0 to 36.5 ng/ml); (G) TLR5, FLA-BS (0 to 10 mg/ml); (H) TLR7 and (I) TLR8, R848 (0 to 6 mg/ml). Data are means ± SD of triplicate and representative of three independent experiments.
activate inflammatory signaling only in TLR2-overexpressing cells with a half-maximal effective concentration (EC 50 ) of 2.51 ± 0.42 mM. Consequent structure-activity relationship (SAR) studies yielded an optimized novel compound, CU-T12-9 ( Fig. 1B) , which had a significant activity increase to nanomolar range with an EC 50 of 52.9 ± 6.2 nM (Fig. 1C ). Detailed cellular study results and SAR discussion are described in table S1.
Several key features were discovered about the activity of the lead compound. First, the SAR studies indicated that the nitro groups were critical to the activity, because removing either of the nitro groups at position R 1 or R 3 decreased the potency significantly (1 and 2; table S1 and fig. S1A ). At the same time, the potency dropped when the aliphatic chain length was further increased or a benzyl group was introduced at the amino site (3, 4, and 5; fig. S1B ). The electron-withdrawing groups are tolerated at the R 3 position of ring B (6, 7, and 8; fig. S1C ). Switching the nitro group from the R 3 to R 4 position (10) completely abolished activity, suggesting that the R 3 position was critical for potency. The -CN or -CF 3 replacement of -NO 2 at the R 3 position increased potency by a factor of 10 or 50, respectively (11 and CU-T12-9; fig. S1D).
It was posited that a hydrophobic group at the R 3 position might be helpful for potency, and indeed, its importance was highlighted by phenyl (13) , cyclohexyl (14) , t-butyl (16), n-butyl (17), and methyl benzoate (18) additions, each showing a higher potency when compared to GA (table S1). The naphthalene ring in 15 is not as long or flexible as the biphenyl moiety of 13, leading to further reduction in potency. Benzoic acid (19) was inactive at 100 mM, suggesting that polar substituents may not be tolerated at the R 3 position. As seen with the above active analogs, the R 3 position can tolerate a wide variety of substituents, with an electron-withdrawing -CF 3 group (CU-T12-9) showing the optimal potency. Because the -CF 3 group helped increase the potency in ring B, we introduced another -CF 3 group to the R 1 position of ring A (20) , and the potency decreased four times when compared with CU-T12-9. The electron-donating -NH 2 group of (21) and moderately electron-withdrawing groups, such as -COOCH 3 (22) and CO 2 H (T12-29), gave further reduction in potency (fig. S1E), suggesting a preference for the strongly electron-withdrawing groups for this aromatic ring, with -NO 2 being optimal. The cyano group analog (24) also showed decreased activity compared to CU-T12-9. Together, these data indicate that minor changes of molecular structure in GA had a profound effect on its agonist activity. Extensive SAR led to an optimized, novel small-molecule immune stimulant, CU-T12-9.
CU-T12-9 specifically activates the TLR2 signaling As a pivotal part of innate immunity, TLRs recognize various molecules of microbial origin (29) . Hence, we questioned whether CU-T12-9 can selectively activate specific TLR(s) by using human embryonic kidney (HEK)-Blue hTLR cells overexpressing different TLRs, including TLR2, TLR3, TLR4, TLR5, TLR7, and TLR8 ( Fig. 1 , D to I). These cell lines were obtained by cotransfection of individual human TLRs and an inducible SEAP reporter gene into the HEK 293 cells (16) . The SEAP reporter gene is placed under the control of an IL-12 p40 minimal promoter fused to five nuclear factor kB (NF-kB)-and activating protein 1 (AP1)-binding sites. Stimulation with a TLR ligand activates NF-kB and AP1, which induces the production of SEAP. The enhancement in SEAP signaling correlates to specific TLR activation, as monitored by luminescence intensity. The TLR-transfected HEK 293 cells are well-established systems to test individual TLR signaling (25) (26) (27) . The wild-type HEK 293 cells only express low levels of TLRs, whereas each transfected cell line provides a robust and specific platform for monitoring the activity and selectivity of different TLR modulators. As a comparison, APCs are not applicable for these evaluations because they nonselectively respond to all TLRs.
As shown in Fig. 1D , CU-T12-9 can strongly activate the SEAP signaling in HEK-Blue cells overexpressing hTLR2, but not in other TLR-overexpressing cells, including TLR3, TLR4, TLR5, TLR7, and TLR8. TLR-specific agonists were used as positive controls for each HEK-Blue cell line. These results indicated that CU-T12-9 could specifically activate the TLR2 signaling pathway.
CU-T12-9 selectively activates the TLR1/2 heterodimer, not TLR2/6 Among the 10 human TLRs, most TLRs act alone; only TLR2 signals as a heterodimer with either TLR1 or TLR6 (23, 30) . HEK-Blue hTLR2 cells endogenously express TLR1 and TLR6. To identify whether CU-T12-9 is a TLR1/2 agonist or a TLR2/6 agonist, we performed an antibody inhibition experiment to test its selectivity. At 60 nM, CU-T12-9 can efficiently activate SEAP signaling, and such activation can be reversed by either the anti-hTLR1 or the anti-hTLR2 antibodies in a dosedependent manner ( Fig. 2A ). Cell viability experiments confirmed that the antibodies were not cytotoxic ( fig. S2 ). By contrast, we did not observe any inhibition of CU-T12-9 SEAP signaling by an anti-hTLR6 antibody with concentrations up to 10 mg/ml ( Fig. 2A ). This behavior is similar to the well-studied TLR1/2-specific agonist, Pam 3 CSK 4 (Fig.  2B ). Next, we compared these results with an established TLR2/6-specific agonist, Pam 2 CSK 4 . We found that both anti-hTLR2 and anti-hTLR6 antibodies can inhibit Pam 2 CSK 4 -induced SEAP signaling, whereas anti-hTLR1 does not (Fig. 2C ). These results demonstrated that CU-T12-9 acts by specific activation of TLR1/2 signaling, not TLR2/6. CU-T12-9 activates downstream signaling through TLR1/2 and NF-kB signaling pathway TLRs recruit a set of adaptor proteins through homotypic interactions with their Toll/IL-1 receptor (TIR) domains. These interactions trigger downstream signaling cascades, leading to the activation of transcription factor NF-kB. NF-kB controls induction of proinflammatory cytokines and chemokines as well as up-regulation of costimulatory molecules on dendritic cells that are essential for T cell activation (29, 31) .
To investigate the cellular and molecular mechanisms of CU-T12-9 with NF-kB, we developed a TLR2-sensitive U937 human macrophage cell line with a green fluorescent protein (GFP)-labeled NF-kB reporter. Flow cytometry experiments demonstrated that CU-T12-9 activated NF-kB signaling in a dose-dependent manner. CU-T12-9, at 5 mM, showed comparable activation to 66 nM (100 ng/ml) Pam 3 CSK 4 (Fig.  2D ). As a comparison, GA showed much lower NF-kB activation at 20 mM, even up to 100 mM ( Fig. 2E) . To investigate the cell signaling of CU-T12-9-induced activation, we used a known NF-kB inhibitor, triptolide (32) . Triptolide was able to efficiently inhibit the CU-T12-9induced SEAP signaling ( Fig. 2F ), which further implies that CU-T12-9 works through the NF-kB signaling pathway.
Another downstream product of NF-kB activation is nitric oxide (NO) (Fig. 3A) . NO plays important roles in various biological processes such as neuronal communication and immunity response (33) . As predicted, CU-T12-9 efficiently triggered NO production in Raw 264.7 cells ( Fig. 3B ) and also in primary rat macrophage cells ( Fig. 3C ). We also observed that NO activation could be inhibited by the TLR1/2specific antagonist (CU-CPT22) ( Transcription factors turned on by TLR1/2 dimerization induce the production of proinflammatory cytokines and type I IFNs (34, 35) . A key output from this activation is tumor necrosis factor-a (TNF-a), which is proven to be directly relevant to inflammatory diseases (36) and cancer (37) . To ascertain whether the NF-kB activity induced by CU-T12-9 reflected up-regulation of TNF-a, we assessed the ability of CU-T12-9 to activate TNF-a in Raw 264.7 cells using an enzyme-linked immunosorbent assay (ELISA) experiment. The ELISA experiment showed that CU-T12-9 has the ability to activate TNF-a signaling with an EC 50 of 60.46 ± 16.99 nM ( Fig.  3D) , consistent with the SEAP activation observed in HEK-Blue hTLR2 cells (Fig.  1C ). Furthermore, the highest TNF-a activation signaling was comparable to the positive control in the same experiment. Overall, these results demonstrated that CU-T12-9 behaves like Pam 3 CSK 4 in activating the TLR1/2 pathway by inducing NF-kB activation to trigger downstream signaling, such as SEAP, NO, and TNF-a.
CU-T12-9 up-regulates the mRNA levels of TLR1, TLR2, TNF, IL-10, and iNOS Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was performed to investigate the effects of CU-T12-9 and Pam 3 CSK 4 on the expression of mRNA levels for TLR1, TLR2, and NF-kB pathway downstream proinflammatory cytokines TNF, IL-10, and iNOS (inducible NO synthase) at 2, 8,and 24 hours after treatment ( Fig. 4 ). In the presence of 1 mM CU-T12-9, TLR1 mRNA was potently increased, similar to Pam 3 CSK 4 , in the macrophage cell line at 24 hours ( Fig. 4A ). Both Pam 3 CSK 4 and CU-T12-9 had the highest TLR2 mRNA expression at 2 hours, with a gradual decline at 8 and 24 hours ( Fig. 4C ). CU-T12-9 and Pam 3 CSK 4 also increased TNF and iNOS mRNA expression over time. TNF mRNA showed maximal expression after 8 hours (Fig. 4E ), and iNOS mRNA expression peaked at 24 hours ( Fig. 4G ). IL-10 mRNA was up-regulated by CU-T12-9 at 2 hours and decreased over time ( Fig. 4I ). In addition, we observed that CU-T12-9 had dosedependent activating effects on the mRNA levels of TLR1 ( These results are in agreement with the fact that CU-T12-9 acts in a similar manner to Pam 3 CSK 4 , activating TLR1/2 signaling and promoting the production of various downstream proinflammatory cytokines.
CU-T12-9 competes with Pam 3 CSK 4 for binding to TLR1/2 To further investigate the direct binding target of CU-T12-9 and also to test whether CU-T12-9 may functionally mimic receptor recognition by Pam 3 CSK 4 , we used a biophysical competition assay. The TLR1 and Characterizations of CU-T12-9 as a TLR1/2 agonist, not TLR2/6. (A) HEK-Blue hTLR2 cells were treated with CU-T12-9 and anti-hTLR1, anti-hTLR2, or anti-hTLR6 antibodies for 24 hours. CU-T12-9 strongly activates QUANTI-Blue SEAP signaling at 60 nM, and anti-hTLR1-IgG (immunoglobulin G) and anti-hTLR2-IgA antibodies can dose-dependently inhibit CU-T12-9-triggered SEAP signaling, whereas anti-hTLR6-IgG has no influence. This demonstrates that CU-T12-9 can activate TLR1/2 signaling, with no activation of TLR2/6. (B) The positive control of Pam 3 CSK 4 , a TLR1/2 agonist, showed similar activation to CU-T12-9. (C) The positive control of Pam 2 CSK 4 , a TLR2/6 agonist, showed that anti-hTLR2-IgA and anti-hTLR6-IgG dose-dependently inhibited the Pam 2 CSK 4 -induced TLR2 and TLR6 QUANTI-Blue SEAP signaling, whereas anti-hTLR1-IgG had no influence. (D) The human monocyte cell line U937 was stably transfected with a GFPlabeled NF-kB reporter gene. The cells sensitive to TLR1/2 activation were sorted using a MoFlo Cytomation fluorescence-activated cell sorter, and 10% of activated cells were collected. The flow cytometric analysis of 0, 1, and 5 mM CU-T12-9 and 66 nM (100 ng/ml) Pam 3 CSK 4 triggered NF-kB expression in U937 cells. (E) Flow cytometric analysis for 20 mM CU-T12-9 and GA, along with the blank and positive control in U937 cells. The result demonstrated that CU-T12-9 had excellent NF-kB activation compared with GA. (F) The NF-kB activation of CU-T12-9 can be inhibited by an NF-kB inhibitor, triptolide, in HEK-Blue hTLR2 cells.
TLR2 proteins were expressed in the baculovirus insect cell expression system (38) , and biotin-labeled Pam 3 CSK 4 was used as a probe in these experiments. Human TLR1/2 proteins were immobilized on the surface. Different concentrations of biotin-labeled Pam 3 CSK 4 (Biotin-Pam3) were added, and the bound Biotin-Pam3 was detected by streptavidin conjugated with horseradish peroxidase (HRP). Biotin-Pam3 bound to human TLR1/2 in a concentration-dependent manner (Fig. 5A ). As a comparison, binding to a negative control bovine serum albumin (BSA) was negligible, indicating that the Biotin-Pam3-TLR1/2 binding is specific. CU-T12-9 was found to possibly compete with Biotin-Pam3 for binding to TLR1/2 ( Fig. 5B ).
Fluorescence anisotropy biophysical tests were also carried out for CU-T12-9, along with the negative control compound T12-29, to demonstrate that CU-T12-9 binds to TLR1/TLR2 and shed light on its potential binding mode. The previously reported crystal structure reveals that TLR1 and TLR2 preform a heterodimer, which in turn provides a specific binding pocket for Pam 3 CSK 4 (23) . Although the determination of a trimolecular (TLR1, TLR2, and CU-T12-9 or Pam 3 CSK 4 ) association using fluorescence titration data is complicated (39), we make an assumption that the preformed TLR1/2 complex interacts with Pam 3 CSK 4 at a 1:1 ratio based on the structural observation when we determine their dissociation constant (K d ) values. Similar approach has been used in the literature as well (40) .
To determine the binding affinity of CU-T12-9, we used a commercially available Pam 3 CSK 4 derivative (Rho-Pam3) with a rhodamine tag as the fluorescence probe. The anisotropy of Rho-Pam3 showed a robust increase upon its addition to the TLR1/TLR2 complex (excitation, 549 nm; emission, 566 nm) ( Fig. 5D ), comparable to the anisotropy changes seen with ligand-receptor pairs of comparable sizes (41) . The K d of Rho-Pam3 binding to the TLR1/2 complex was determined to be 34.9 ± 1.9 nM, which is in agreement with the literature reports (42) . As a comparison, we also measured the bimolecular interaction between Rho-Pam3 and TLR1 or TLR2, which gives K d values of 41.64 ± 2.36 nM and 125.08 ± 3.43 nM, respectively ( fig. S4 ).
Next, we titrated CU-T12-9 to the TLR1/2 complex to compete with Rho-Pam3. Increasing concentrations of CU-T12-9 up to 3 mM decreased the anisotropy to its background levels, presumably because of the release of the fluorescent Rho-Pam3 probe. These data were then fit to a one-site competition model with an R 2 value of 0.98, indicating a good fitting and that the assumption of a 1:1 binding mode is appropriate. The half-maximal inhibitory concentration (IC 50 ) value of CU-T12-9 was determined to be 54.4 ± 3.6 nM (error derived from the regressional analysis of the inhibitory curve), which is consistent with its inhibitory potency observed in various whole-cell assays. By contrast, the negative control compound T12-29 demonstrated negligible inhibition of the Rho-Pam3 binding up to 10 mM (Fig. 5E ). Together, these data suggest that CU-T12-9 directly competes with Pam3 for its recognition of the TLR1/2 complex. Nonetheless, we should also point out that there is a possibility that CU-T12-9 recognizes an allosteric site other than the same binding pocket of Pam3, resulting in the release of Pam3. Determination of the exact binding mode would require further structural elucidation in future studies.
Finally, we measured the binding affinity of CU-T12-9 to the TLR1 and TLR2 proteins individually using a microscale thermophoresis (MST) assay. It was observed that CU-T12-9 can bind to both TLR1 (K d = 229 ± 66 nM; fig. S5 ) and TLR2 (K d = 449 ± 114 nM; fig. S6 ) individually, but with lower affinity than the biologically active TLR1/2 heterodimer. These results suggest that the binding site of CU-T12-9 is on the interface of the TLR1 and TLR2 proteins.
CU-T12-9 enhances TLR1 and TLR2 dimerization in vitro
The realization that Pam 3 CSK 4 can induce TLR1 and TLR2 dimerization (23) , and the results of the competitive binding experiment prompted us to investigate the effects of CU-T12-9 on the dimer formation of the TLR1/TLR2 complex. We used a previously established method using size exclusion chromatography coupled with light scattering (SEC-LS) on the purified extracellular domains of hTLR1 and hTLR2 (43) . The instrument was first calibrated using BSA (65 kD) and aldolase (158 kD), and then, we verified the hTLR1 or hTLR2 peak in the SEC-LS experiment (A) TLR1 (5 mg/ml) and TLR2 (4 mg/ml) or BSA (5 mg/ml) (used as the control) were coated onto the plate. Different concentrations of biotin-labeled Pam 3 CSK 4 (Biotin-Pam3) were added to the plate, and the bound Biotin-Pam3 was detected by streptavidin conjugated with HRP. Absorbance with TLR1/2 in the presence of 150 nM (300 ng/ml) Biotin-Pam3 was set as 100%. (B) TLR1 (5 mg/ml) and TLR2 (4 mg/ml) were coated onto the plate, and 50 nM (100 ng/ml) Biotin-Pam3 and different concentrations of CU-T12-9 (0 to 7 mM) were added. Absorbance with 0 mM CU-T12-9 was set as 100%. CU-T12-9 can compete with Biotin-Pam3 binding to TLR1/2. (C) Binding curve of TLR1/2 with rhodamine-labeled Pam 3 CSK 4 (Rho-Pam3) measured by fluorescence anisotropy. Different concentrations of TLR1/2 were titrated into 10 nM (~20 ng/ml) Rho-Pam3; 549 nm was chosen as the excitation wavelength, and 566 nm was chosen as the emission wavelength (InvivoGen). A K d of 34.97 ± 1.98 nM was obtained by fitting the binding curve to a one-site saturation model. (D) Titration of the TLR1/TLR2 protein into the Rho-Pam3 results in a significant increase of fluorescence anisotropy. Added CU-T12-9 competes with Rho-Pam3 and results in lower fluorescence anisotropy, demonstrating competitive binding between CU-T12-9 and Pam 3 CSK 4 for TLR1/TLR2. (E) Compound T12-29 was used as a negative control in the fluorescence anisotropy experiment. The results showed no competitive binding between T12-29 and Pam 3 CSK 4 for TLR1/ TLR2 up to 10 mM. (F) The hTLR2 protein (60 ml at 0.8 mg/ml) and different concentrations of CU-T12-9 (0 to 40 mM) or Pam 3 CSK 4 were incubated at room temperature for 2 hours. Then, hTLR1 protein (60 ml at 1 mg/ml) was added to the reaction mixture, which was incubated at 37°C for an additional 2 hours before the SEC-LS experiment. (G to I) SEC-LS results for the TLR1/2 protein heterodimer formation by different doses of CU-T12-9: 0 mM, (G) 1 mM, (H) 10 mM, and (I) 40 mM. Increasing CU-T12-9 concentrations lead to more heterodimerization. (J) Pam 3 CSK 4 (260 nM or 400 ng/ml) (positive control) also induces TLR1/2 heterodimerization in this experiment. (K) Molar mass of the three peaks appearing in (H). The TLR1/2 heterodimer peak was present at the molecular weight of about 180 kD.
( fig. S7 ). We observed that most hTLR1 existed in a homodimeric state and the hTLR2 in a predominantly monomeric state in the absence of CU-T12-9. Heterodimer formation was detected in the presence of CU-T12-9 in a dose-dependent manner (Fig. 5, F to H) . Incubating the TLR1 and TLR2 protein with 40 mM CU-T12-9 for 4 hours resulted in the disappearance of the TLR1 homodimer peak and the presence of a new TLR1/2 heterodimer and TLR1 or TLR2 monomer peaks (Fig. 5I) . These observations are comparable to Pam 3 CSK 4 , which also promoted TLR1/2 heterodimerization (Fig. 5J) . The molar mass of the different respective peaks in Fig. 5H is shown in Fig. 5K . Finally, nuclear magnetic resonance (NMR) experiments also showed that there is neglectable oligomer formation of CU-T12-9 ( fig. S8 ) in various solvents, suggesting that the dimerization of TLR1/2 was not caused by the CU-T12-9 oligomerization. Together, these data indicated that CU-T12-9 not only selectively activates the TLR1/2 signaling pathway but also induces TLR1/2 heterodimerization.
DISCUSSION
Selectively targeting the interactions between TLR family proteins has garnered great interest, but developing drug-like, small-molecule compounds with high affinity and selectivity is difficult. This task of targeting the TLR1/2 complex is particularly challenging given that the ligand-binding pockets at protein-protein interfaces are highly dynamic (44) . First, because protein-protein interfaces are usually extensive, there may be a requirement for large ligands to interfere effectively with their functions, posing challenges to the development of small molecular PPI stabilizers (24) . All current TLR2 agonists, such as Pam 3 CSK 4 for TLR1/2 and Pam 2 CSK 4 or FSL-1 for TLR2/6, are primarily synthetic lipoproteins containing two or three 15-carbon acyl chains with molecular weights of about 1500 hindering their further development into therapeutics (45) . Second, TLR selectivity poses a challenge for smallmolecule agonists and antagonists because there are at least 13 homologous TLRs in rodents and 10 in humans, which all share similar structures (46) . This is especially the case for TLR1/2 and TLR2/6, two heterodimeric protein complexes that share one common TLR2 protein. A third and final challenge in developing TLR agonists is that native TLR ligands are often highly toxic (47) , significantly limiting their applications.
Here, we successfully identified CU-T12-9 as a novel, drug-like compound that specifically activates TLR1/2. To our best knowledge, CU-T12-9 represents the first biochemically and biophysically characterized specific small-molecule agonist for TLR1/2. Cellular studies demonstrated that CU-T12-9 only activated HEK-Blue cells overexpressing hTLR2, but not other TLRs. This activation can be blocked by either anti-hTLR1 or anti-hTLR2 antibodies, but not by an anti-hTLR6 antibody, indicating that CU-T12-9 has high selectivity for the TLR1/2 heterodimer. Next, we showed that CU-T12-9 signaled through NF-kB and invoked an elevation of the downstream effectors TNF-a, IL-10, and iNOS. Last, CU-T12-9 demonstrated negligible cytotoxicity at concentrations up to 100 mM ( fig. S9) , showing that its immune-enhancing effects are not due to cell stress.
Fluorescence anisotropy biophysical assays revealed competitive binding to the TLR1/2 complex between CU-T12-9 and Pam 3 CSK 4 with an IC 50 of 54.4 nM. CU-T12-9 bound to the individual TLR1 and TLR2 proteins at a significantly lower affinity than the heterodimer, suggesting that CU-T12-9 specifically recognizes the protein-protein interface. The SEC-LS assay showed that CU-T12-9, like the classical TLR1/2 ligand Pam 3 CSK 4 , can induce dimerization of the TLR1 and TLR2 complex, which gave further insight into the initiation of the TLR1/2 signaling transduction.
Together, these results revealed that a novel small-molecule TLR1/2 agonist, CU-T12-9, recognizes and stabilizes the heterodimer of TLR1/2. Our work therefore describes the development of a first well-characterized, specific small-molecule probe for TLR1/2 with potential biomedical applications.
MATERIALS AND METHODS

SEAP reporter gene detection assay
Materials for the SEAP assay were obtained from Applied Biosystems and used according to the manufacturer's specifications. HEK 293 cells stably transfected with human TLR2, TLR3, TLR4, TLR5, TLR7, or TLR8 and a SEAP reporter gene were obtained from InvivoGen. Cells were cultured in 200 ml of Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 10× penicillin/ streptomycin, and 10× L-glutamine. Cells were implanted in 96-well plates (4 × 10 4 cells per well) for 24 hours at 37°C before drug treatment. In the next 24 hours of treatment, medium was removed from the 96-well plate and replaced with 200 ml of supplemented Opti-MEM [0.5% FBS, penicillin (50 U/ml), streptomycin (50 mg/ml), 1× nonessential amino acids] containing 0 to 50.0 mM (or 0 to 100 mM) of compounds, or the positive control ligands for different TLRs, such as Pam 3 CSK 4 (0 to 66 nM or 0 to 100 ng/ml) for TLR1/2, poly(I:C) (0 to 10.9 mg/ml) for TLR3, LPS (0 to 36.5 ng/ml) for TLR4, FLA-BS (0 to 10 mg/ml) for TLR5, and R848 (0 to 6 mg/ml) for TLR7 and TLR8.
A sample buffer (15 ml) from each well was collected and transferred to an opaque white 96-well plate (Microfluor 2, Thermo Scientific). Each well was treated with 45 ml of 1× dilution buffer, covered with microseal (MSB1001, Bio-Rad), and incubated for 30 min at 65°C. After 30 min, plates were cooled to room temperature on ice, and 50 ml of SEAP assay buffer was added to each well. After a 5-min incubation, 50 ml of disodium 3-(4-methoxyspiro{1,2-dioxetane-3,2-(5-chloro) tricyclo[3.3.1.13,7]decan}-4-yl) phenyl phosphate (CSPD) diluted 1:20 with reaction buffer was added to each well. After 20 min, the luminescence of each well was measured using a plate reader (Beckman Coulter, DTX 880) with multimode analysis software.
QUANTI-Blue SEAP assay
Cells were cultured in 200 ml of DMEM supplemented with 10% FBS, 10× penicillin/streptomycin, and 10× L-glutamine. Cells were implanted in 96-well plates (4 × 10 4 cells per well) for 24 hours at 37°C before drug treatment. In the next 24 hours of treatment, medium was removed from the 96-well plate and replaced with 200 ml of supplemented Opti-MEM [0.5% FBS, penicillin (50 U/ml), streptomycin (50 mg/ml), 1× nonessential amino acids] containing 60 nM CU-T12-9, 0.66 nM (1 ng/ml) Pam 3 CSK 4 , or 0.77 nM (1 ng/ml) Pam 2 CSK 4 according to the manufacturer's protocol (InvivoGen), as well as different antibodies (0 to 10 mg/ml), including anti-hTLR1-IgG, anti-hTLR2-IgA, or anti-hTLR6-IgA (InvivoGen). A sample buffer (20 ml) from each well of the cell culture supernatants was collected and transferred to a transparent 96-well plate (Thermo Scientific). Each well was treated with 200 ml of QUANTI-Blue (InvivoGen) buffer and incubated at 37°C for 1 hour. A purple color can be observed, and optical density was measured using a plate reader at an absorbance of 655 nm (A 655 ).
U937 cell transfection and NF-kB-GFP reporter assay
Human macrophage U937 cells [American Type Culture Collection (ATCC) CRL-1593.2] were grown and maintained in RPMI 1640 medium containing 10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml). An NF-kB-GFP reporter was stably inserted using the commercially available pGreenFire plasmid (System Biosciences). Briefly, HEK 293T cells (ATCC CRL-3216) were transfected using a 6:1 polyethylenimine/DNA ratio with the pGreenFire vector (4.33 mg) and the pREV (4.33 mg), pMDL (4.33 mg), and pVSVg (2 mg) viral packaging plasmids. Viral particles were harvested from the medium 48 to 72 hours after transfection and concentrated using an 8.5% PEG-8000 (polyethylene glycol, molecular weight 8000) and 10 mM NaCl solution. The concentrated virus and polybrene (8 mg/ml) were added to U937 cells for 48 hours. Then, U937 growth medium supplemented with puromycin (1 mg/ml) was used to select for stably transfected cells. After complete selection, the cells were sorted for GFP expression using a MoFlo Cytomation (Beckman Coulter) fluorescence-activated cell sorter. After sorting for insertion, cells were treated with a TLR1/2 agonist [66 nM (100 ng/ml) Pam 3 CSK 4 , InvivoGen] and sorted for activation. The top 10% of activated cells were collected for each sort until no further peak separation was achieved between the untreated and the treated cells. The sorted cells were seeded in six-well plates at 1 × 10 6 cells per well with 3 ml of growth medium [RPMI 1640 medium, supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml)] and the indicated concentrations of compound and Pam 3 CSK 4 for 24 hours at 37°C in a 5% CO 2 humidified incubator. After 24 hours, the cells in each well were mixed and 200 ml of cells containing medium was stained by propidium iodide for 10 min before the flow cytometry analysis.
In vitro NO activation assay for Raw 264.7 cells Raw 264.7 cells (mouse leukemic monocyte macrophage cell line) were grown in RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml), seeded in 96well plates at 80,000 cells per well, and grown for 24 hours at 37°C in a 5% CO 2 humidified incubator (27) . After 24 hours, nonadherent cells and medium were removed and replaced with fresh unsupplemented RPMI 1640 medium. The adherent macrophages were treated with 66 nM (100 ng/ml) Pam 3 CSK 4 (InvivoGen) or different concentrations of CU-T12-9. Plates were then incubated for an additional 24 hours. After incubation, 100 ml of medium was collected and added to flat black 96-well microfluor plates (Thermo Scientific). To each well, 10 ml of 2,3-diaminonaphthalene (0.05 mg/ml in 0.62 M aqueous HCl solution) was added and incubated for 15 min in the dark. The reaction was quenched by addition of 5 ml of a 3 M aqueous NaOH solution, and the plate was read on a Beckman Coulter DTX 880 reader with excitation at 365 nm and emission at 450 nm. The nitrite (a stable metabolite of NO) concentration was determined from a nitrite standard curve (48) .
Primary peritoneal macrophage cell isolation and NO activation assay
Sprague-Dawley rats were anesthetized with isoflurane and then decapitated. Peritoneal cells were removed by lavage. Cold dissection solution (30.0 ml of Hanks' balanced salt solution) was placed into the peritoneal cavity, the abdomen was briefly massaged, and the fluid was removed (20 to 25 ml). The medium was centrifuged, and the cells were then washed by red blood cell lysis buffer (160 mM NH 4 Cl, 12 mM NaHCO 3 , 100 mM EDTA, pH 7.3). After centrifugation, the cells were resuspended to 1.0 × 10 6 cells/ml in culture medium [Iscove's medium containing 10% FBS with penicillin (50 U/ml), streptomycin (50 mg/ml), and 2 mM L-glutamine; all medium reagents from Gibco]. Cells were seeded in a 96-well plate with a density of 40,000 cells per well. After 2 hours of incubation at 37°C in a 5% CO 2 humidified incubator, nonadherent cells were removed by washing with phosphate-buffered saline (PBS) and 200 ml of supplemented Iscove's medium was subsequently added to each well. After overnight incubation, the medium was changed to Iscove's medium without FBS and indicated concentrations of CU-T12-9 and 66 nM (100 ng/ml) Pam 3 CSK 4 were added. After 24 hours of treatment, medium was harvested and NO in the supernatant was measured as described previously.
ELISA assays
TNF-a ELISA. Raw 264.7 cells were seeded in six-well plates at 1 × 10 6 cells per well with 3 ml of medium [RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml)] and grown for 24 hours at 37°C in a 5% CO 2 humidified incubator. After 24 hours, nonadherent cells and medium were removed and replaced with fresh RPMI 1640 medium (3 ml per well). The cells were treated with indicated concentrations of CU-T12-9 and 66 nM (100 ng/ml) Pam 3 CSK 4 (InvivoGen) as positive control. Plates were then incubated for an additional 24 hours, and the cell culture supernatants were collected and frozen at −80°C until ready for cytokine measurement. The production of the cytokine TNF-a was quantified using cytokinespecific capture antibodies, detection antibodies, and recombinant human cytokine standards according to commercially available ELISA kits from R&D Systems. The cytokine level in each sample was determined in triplicate.
Competition binding ELISA assay. The 96-well ELISA microplate (BD Biosciences) was coated with a mixture of TLR1 (5 mg/ml) and TLR2 (4 mg/ml) or BSA (5 mg/ml) in 0.1 M acetate buffer (pH 5.0) at 4°C overnight. The wells were washed three times with PBS supplemented with 0.05% Tween 20 (PBST) and then blocked with a 5% BSA solution at room temperature for 1 hour. After washing with PBST three times, the indicated concentration of biotin-labeled Pam 3 CSK 4 or biotin-labeled Pam 3 CSK 4 and CU-T12-9 mixture was added and incubated for 1 hour at room temperature. After five washings, a streptavidincoupled HRP conjugate was diluted at a ratio of 1:2000 (Thermo Scientific), added into the wells, and incubated at room temperature for 1 hour. After washing with PBST seven times, 100 ml of TMB reagents (BD OptEIA) was added to each well and incubated at room temperature for 10 to 30 min. Fifty microliters of 1 M H 3 PO 4 was subsequently added into each well to stop the reaction, the absorbance at 450 nm was measured on a Beckman Coulter DTX 880 microplate reader, and 620 nm was chosen as the reference wavelength.
Quantitative RT-PCR Raw 264.7 cells were seeded in six-well plates at 1 × 10 6 cells per well with 3 ml of medium [RPMI 1640 medium supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml)] and grown for 24 hours at 37°C in a 5% CO 2 humidified incubator. After 24 hours, nonadherent cells and medium were removed and replaced with fresh RPMI 1640 medium (3 ml per well). The cells were treated with the indicated concentrations of CU-T12-9 and 33 nM (50 ng/ml) Pam 3 CSK 4 as positive control. Plates were then incubated for an additional 0, 2, 8, or 24 hours. At these time points, the medium was removed and the cells were gently washed with cold PBS (3 × 1 ml). Then, 1 ml of PBS was added to each well and the cells were removed from the plate. The mixture was transferred into corresponding 1.5-ml cryotubes and frozen at −80°C until ready for qRT-PCR. Total RNA was extracted by an RNeasy Mini Kit (SABiosciences) according to the manufacturer's instruction. Complementary DNA (cDNA) was synthesized by RT 2 Easy First Strand cDNA Synthesis Kit (SABiosciences) according to the manufacturer's instruction. The primers for TLR1, TLR2, TNF, iNOS, IL-10, and GAPH were purchased from SABiosciences. qPCR was performed on a CFX96 Real-Time PCR detection system (Bio-Rad) using the SYBR Green method. The data were analyzed by DDC t method (49) .
Fluorescence anisotropy assay
Fluorescence polarization experiments were performed at 25°C using a Horiba Fluorolog-3 fluorometer. Equal molar ratio of TLR1 and TLR2 was incubated at 4°C for 30 min before they were titrated with the Rho-Pam3 solution. Indicated concentrations of TLR1, TLR2, or TLR1/2 (stock solution at 10 mM) were titrated into 500 ml of PBS buffer (pH 7.4) including 10 nM (20 ng/ml) Rho-Pam3 (InvivoGen), and the fluorescence anisotropy was measured at an excitation of 549 nm and an emission of 566 nm after the proteins were added and incubated for 3 min. The dissociation constant was obtained by fitting the binding curve to a one-site saturation equation.
To determine the IC 50 value of CU-T12-9, 10 ml of Rho-Pam3 (1 mg/ml) was added to 490 ml of PBS buffer (pH 7.4), and then the fluorescence anisotropy was measured at an excitation of 549 nm and an emission of 566 nm by a Horiba Fluorolog-3 fluorometer. Then, 4 ml of TLR1 (10 mM) and 4 ml of TLR2 (10 mM) were titrated into the above buffer and incubated for 30 min, and the anisotropy was determined. Next, serial concentrations of CU-T12-9 (or T12-29 as a negative control) were incubated with the complex TLR1/2-Pam3 solution for 30 min at room temperature before the anisotropy was determined. Regression analysis was carried out using the Origin 9.0 (OriginLab) ligandbinding macro module. Experimental data were fitted into the following equation to determine the IC 50 values: y = min + (max − min)/(1 + 10 x − log IC50 ), where y is the total binding, x is the log concentration of rhodamine-labeled Pam 3 CSK 4 , min is the nonspecific binding, and max is the maximum binding in the absence of ligand.
hTLR1 and hTLR2 protein expression and purification
The hTLR1 and hTLR2 proteins were expressed in the baculovirus insect cell expression system using the methods described by Iwaki et al. (38) . Monolayers of Spodoptera frugiperda (Sf-9) cells were cotransfected with Bright Baculovirus DNA (BD BaculoGold) and the pVL1393 plasmid vector containing cDNA for TLR1 and TLR2. Viral titers were amplified to~5 × 10 7 to 10 × 10 7 /ml virus particles. The recombinant viruses were used to infect suspension high 5 insect cells in serumfree medium (Insect-XPRESS Protein-free Insect Cell Medium with L-glutamine, Lonza) at 27°C, 130 rpm. After incubation of high 5 insect cells with recombinant TLR2 viruses for 3 days, the cells changed to green ( fig. S8 ) and the TLR2-containing medium was collected after low-speed centrifugation and dialyzed [Slide-A-Lyzer G2 Dialysis Cassettes, 10,000 molecular weight cutoff (MWCO), Pierce] against 0.1 M tris buffer (pH 8.0) containing 0.3 M NaCl. The dialyzed medium was filtered and purified by a column of nickel nitrilotriacetic acid beads (Qiagen) according to the manufacturer's instruction. The purified protein was finally dialyzed against 5 mM tris buffer (pH 7.4) containing 0.15 M NaCl and condensed by a centrifugal concentrator (Millipore, 10,000 MWCO). Electrophoretic analysis revealed that TLR2 exhibited a single band with a molecular mass of about 80 kD ( fig. S10 ), which is comparable with previous work (38) . About 100 mg of TLR2 protein was obtained from 500 ml of medium. After incubation of high 5 insect cells with recombinant TLR1 viruses for 2 days, the cells also changed to green and the TLR1-containing medium was collected after low-speed centrifugation. The medium was filtered and purified by a column of nProtein A Sepharose beads according to the manufacturer's instruction (GE Healthcare). Electrophoretic analysis revealed that TLR1 exhibited a single band with a molecular mass of 100 kD ( fig. S10 ).
Microscale thermophoresis
Interactions between freshly prepared CU-T12-9 and TLR1 (or TLR2) were measured using MST (50) with a Monolith NT.115 (NanoTemper Technologies GmbH). Each protein was labeled with a fluorescent dye (NT-647) using Monolith NT Protein Labeling Kits (amine or cysteine reactive). Proteins were labeled and purified within 45 min. The concentration of NT-647-labeled TLR1 (or TLR2) was held constant at 10 nM, whereas the concentration of the nonlabeled CU-T12-9 was varied between 0.31 nM and 10 mM. The MST buffer contained 50 mM tris-HCl (pH 7.6), 150 mM NaCl, 10 mM MgCl 2 , and 0.05% Tween 20. Hydrophilic glass capillaries were used in all measurements. Apparent K d values were determined using NanoTemper Analysis software.
SEC-LS assay
First, 60 ml of hTLR2 in PBS buffer (pH 7.4) was incubated at room temperature for 2 hours with indicated concentrations of CU-T12-9 or Pam 3 CSK 4 . Then, 60 ml of hTLR1 in PBS buffer (pH 7.4) was added to the reaction mixture, which was incubated at 37°C for an additional 2 hours. The hTLR1 and hTLR2 proteins were mixed in an equimolar ratio such that the final concentration of hTLR1 was 1 mg/ml (~10 mM) and hTLR2 was 0.8 mg/ml (~10 mM). All buffers and samples were filtered through a 0.1-mm filter. Then, 100 ml of prepared samples was analyzed by injection onto a Shodex KW80X size exclusion column running in PBS buffer (pH 7.4) with a flow rate of 1 ml/min. The column was in line with a multiangle light scattering detector (DAWN EOS, Wyatt Technologies), a refractive index detector (Optilab DSP, Wyatt Technologies), and an absorbance detector (UV 3000, Spectra System) for data collection. Data were analyzed with Astra 4.9 software (Wyatt Technologies).
MTT cell viability assay
In a 96-well plate, 40,000 HEK-Blue hTLR2 cells were seeded in 200 ml of growth medium [DMEM supplemented with 10% FBS, penicillin (100 U/ml), and streptomycin (100 mg/ml)]. Eight wells were left empty for blank controls. The plates were incubated at 37°C, 5% CO 2 for 24 hours. In the next 24 hours of treatment, the medium was removed from the 96-well plate and replaced with 200 ml of supplemented Opti-MEM [0.5% FBS, penicillin (50 U/ml), streptomycin (50 mg/ml), 1× nonessential amino acids] containing 0 to 100 mM of compounds. Then, 20 ml (5 mg/ml in PBS) of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] solution was added to each well and incubated (37°C, 5% CO 2 ) for another 4 hours to allow the MTT to be metabolized. The medium was removed and the plate was dried on paper towels to remove any residue. Then, 150 ml of DMSO was added in each well and shaken continuously for 40 min. When all the MTT metabolic products were dissolved, results were read by spectrophotometer at 560 nm. Optical density should be directly correlated with cell quantity. Cytotoxicity (%) was determined using the following formula: Cytotoxicity (%) = (1 − [Compounds (A 560 ) − Background (A 560 )]/[Control (A 560 ) -Background (A 560 )]) × 100.
Chemical synthesis
The syntheses of all the analogs are described in the Supplementary Materials.
Statistical analysis
An unpaired Student's t test was used to evaluate the difference between the two treatments. EC 50 values were calculated from sigmoidal dose-response curves with variable slope.
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